We experimentally demonstrate N þ 2 lasing actions at the wavelengths of 353.3, 353.8, and 354.9 nm using a circularly polarized femtosecond laser. The three laser lines correspond to the B 2 Σ þ u ðv 0 ¼ 5; 4; 3Þ → X 2 Σ þ g ðv ¼ 4; 3; 2Þ transitions, respectively. Particularly, we reveal the pressure-dependent gain dynamics of these lasing actions from highly excited vibrational states with a pump-probe scheme. Our experimental results confirm that electron collisional excitation plays an important role in the establishment of a population inversion of N þ 2 lasing at these wavelengths.
We experimentally demonstrate N The interaction of ultrashort laser pulses with matter has been an important research field due to the rich physical phenomena involved in this process, as well as its promising applications [1] [2] [3] [4] [5] [6] [7] [8] [9] . In particular, air lasing has recently attracted significant attention as a novel ultrafast nonlinear optical phenomenon. Air lasing enables the generation of highly directional, high-brightness, narrow-bandwidth coherent emissions, and thus provides great potential for enhancing precision and sensitivity in the remote detection and identification of pollutants in the atmosphere. Generally, air lasers can be divided into two categories: amplified spontaneous emission (ASE) [10] [11] [12] [13] [14] [15] [16] and seed amplification [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Air lasers in the former category have been realized in both the forward and backward directions with molecular nitrogen [10] [11] [12] [13] , atomic oxygen [14, 15] or nitrogen [15, 16] as the gain media. In particular, the backward air lasers would provide a new strategy to meet the pressing needs of various environmental issues. For the latter category, lasing actions have only been observed in neutral [17] [18] [19] and ionic [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] nitrogen molecules in the forward direction. In this scheme, upon the injection of a seed pulse, the air laser signal will be enhanced by several orders of magnitude [18, 19, 21, 23, 24, 29] and will inherit the polarization properties of the seed pulse [18] [19] [20] [21] 23] , which is different from the random polarization of ASEbased lasers [30] . Furthermore, the presence of the seed pulse renders it possible to perform pump-probe measurements. These characteristics make it an ideal tool for the investigation of ultrafast molecular processes in strong laser fields [18, 19, 21, 24, 27, 28] . At present, the pumping mechanism behind the tunnel ionization-induced nitrogen molecular ion (N þ 2 ) lasers has not been completely clarified [20, 21, [31] [32] [33] [34] [35] [36] . Most previous investigations on such N þ 2 lasers mainly focus on the two typical laser lines at ∼391 and ∼428 nm [21] [22] [23] [24] [25] [26] [27] [28] [29] , which correspond to the
1Þ transitions, respectively. Typically, the two laser lines were excited with linearly polarized pump pulses because it was found that excitation with linearly polarized laser fields could be more efficient than with circularly polarized ones [29] . This finding could be understood in the framework of strong field ionization [37] , in which ionization with linearly polarized light is more efficient because of its higher electric field strength than that of circularly polarized light.
Surprisingly, our recent experiment shows that some N [38] . This observation indicates that impact excitation by the hot electrons generated in the femtosecond laser fields could play a critical role in the generation of these laser lines. In this work, to clarify the pumping mechanism, we perform pump-probe measurements with an external seed pulse, the spectrum of which covers the wavelengths of the three laser lines from the highly excited vibrational states. The ultrafast gain dynamics of these three laser lines provide important information for determining their origin, and reveal the rich physics involved in various types of N þ 2 lasers that are produced by femtosecond pump lasers.
In the experiment, the femtosecond laser pulses (∼40 fs, 800 nm, ∼12.8 mJ, 1 kHz) from a commercial Ti:sapphire laser (Legend Elite Cryo PA, Coherent, Inc.) were split into two beams with a 4:1 beam splitter. One beam with the pulse energy of ∼10 mJ was transformed into circularly polarized light through a quarter-wave plate, and then served as the pump to build up the population inversion between the highly excited vibrational states of the B 2 Σ þ u and X 2 Σ þ g states. The other beam was used to generate the wavelength-tunable, linearly polarized seed pulse (i.e., the probe pulse). Similar to our previous work [18] , the seed pulse was generated by the method discussed below. The second laser beam was firstly directed into a 20 mmlong BK7 glass to generate the supercontinuum white light, and then the supercontinuum was frequency doubled in a 2 mm-thick β-BaB 2 O 4 (BBO) crystal. By adjusting the phase-matched angle of the BBO crystal to select the spectral component of the supercontinuum light to be frequency doubled efficiently, we can continuously tune the central wavelength of the seed pulse. The pump and seed pulses were collinearly combined using a dichroic mirror with a high reflectivity around 800 nm and a high transmission in the 290-660 nm spectral range. They were then focused by an f ¼ 30 cm plano-convex lens into the gas chamber filled with high-purity nitrogen gas. The time delay between the pump and the probe was controlled by a motorized linear translation stage, which was placed in the probe beam. The output signal was collimated by an f ¼ 30 cm lens into a grating spectrometer (Shamrock 303i, Andor) after the residual 800 nm pump pulses were removed through filters.
Figures 1(a)-1(c) show the pressure-dependent forward spectra recorded with the circularly polarized pump pulses when the central wavelength of the seed pulses is fixed at 355.4 nm. The time delay between the pump and the probe pulses is optimized to obtain strong laser signals at the three gas pressures used in the experiment. In Fig. 1(a) , it can be clearly seen that at the gas pressure of 22 mbar, three narrow-bandwidth spectral peaks at the wavelengths of 353.3, 353.8, and 354.9 nm simultaneously appear on top of the seed spectrum, which correspond to the B 2 Σ þ u ðv 0 ¼ 5; 4; 3Þ → X 2 Σ þ g ðv ¼ 4; 3; 2Þ transitions, respectively, as indicated in Fig. 1(d) [39] . Under this condition, the intensities of these three spectral lines are comparable, and their gain factors are measured to be ∼13, ∼8, and ∼4, respectively. Here, the gain factor is defined as the ratio between the intensities of the laser signals and those of the seed pulses at the lasing wavelengths of 353.3, 353.8, and 354.9 nm. Additionally, once the seed pulse is removed, the three laser lines will disappear, i.e., the laser lines will drop to the level of the background. This observation provides strong evidence on the establishment of a population inversion between the highly excited vibrational energy levels of the B 2 Σ þ u and X 2 Σ þ g states, as well as the existence of the seeding effect. When the gas pressure increases to 100 mbar, the laser signals at the wavelengths of 353.3 and 353.8 nm will be significantly enhanced, whereas the laser signal at 354.9 nm becomes hardly detectable, as illustrated in Fig. 1(b) . In this case, the gain factors of the 353.3 and 353.8 nm laser signals are up to ∼174 and ∼88, respectively. When the gas pressure further increases to 260 mbar, the two laser signals at 353.3 and 353.8 nm will decrease, as shown in Fig. 1(c) . It is also noteworthy that similar to our previous observation [38] , the three spectral lines can only be efficiently generated in a small range around the circular polarization. This fact suggests that collisional excitation by the high-energy electrons should play the key role in the establishment of the population inversion, since the tunnel-ionized electrons can gain higher energy from circularly polarized laser field than from linearly polarized one [40] . Based on the electron impact excitation mechanism, we can qualitatively explain the dependence of these laser signals on the gas pressure. On the one hand, the effective electron collisional excitation requires high-density gaseous molecules and electrons, which means that high gas pressures are beneficial for achieving lasing. On the other hand, at high gas pressures, the collision between molecular ions at the excited states and neutral molecules at the ground states (i.e., collisional quenching) will become efficient, too. This process can depopulate the excited molecular ions. The compromise between these two processes leads to the optimized pressure, as shown in Fig. 1 . We also notice that the laser signal at 354.9 nm can only be observed at a relatively low gas pressure, which is significantly different from the two other laser signals (i.e., 353.3 and 353.8 nm). It could be due to the different rates of both the collisional excitation and the collisional quenching for different vibrational transitions.
To provide further evidence on the seeding effect, we also investigate the intensities of these three laser lines from highly excited vibrational states as functions of the central wavelength of the seed pulses at an optimized time delay and at a gas pressure of 22 mbar. Here, the seed wavelength is scanned from 350.2 to 359.2 nm by tuning the phase-matched angle of the BBO crystal. From Fig. 2 , we can clearly see that when the central wavelength of the seed pulses is 354.2 nm, both laser signals at 353.3 and 353.8 nm are the strongest, whereas the laser signal at 354.9 nm reaches its maximum at the seed wavelength of 355.5 nm. Once the central wavelength of the seed pulses is tuned away from the wavelengths of the three laser lines, their intensities will rapidly decrease. The high sensitivity of the laser emission on the seed wavelength offers another piece of evidence for the seed amplification mechanism for the lasing actions observed in this experiment.
Furthermore, in order to obtain the ultrafast dynamics of population inversion established between the highly excited vibrational states of the B 2 Σ þ u and X 2 Σ þ g states, we measured the 353.3, 353.8, and 354.9 nm laser signals as functions of the time delay between the pump and probe pulses at the gas pressures of 22, 100, and 260 mbar. As shown in Fig. 1 , these three spectral lines can only be observed simultaneously at the gas pressure of 22 mbar. Therefore, we firstly compare the gain dynamics of these three laser lines at this gas pressure. As shown in Figs. 3(a)-3(c) , the laser signals from the different highly excited vibrational states show almost the same tendency with the increase of the time delay between the pump and the probe pulses. All of them first increase rapidly on the time scale of hundreds of femtoseconds, and then show a slow exponential decay. From these curves, the gain lifetime (FWHM) of the three laser lines is estimated to be ∼2 ps. When the gas pressure is increased to above 100 mbar, only two laser lines at 353.3 and 353.8 nm can be observed. Therefore, we investigate the gain dynamics of these two laser signals at three different gas pressures. In Fig. 4 , we can clearly see that for both the 353.3 and 353.8 nm laser signals, the gain lifetime becomes short with the increase in the gas pressure, which is due to the fact that the stronger collisions among molecules at higher gas pressure results in the decay of the inverted population density. However, at all the three gas pressures, it takes the same amount of time for the population inversion to reach the maximum value.
Based on the above experimental results, we would like to give some quantitative analyses on the mechanism of population inversion. Our previous investigation [38] suggested that the population inversion between the B 2 Σ þ u ðv 0 ¼ 3; 4; 5Þ and the X 2 Σ þ g ðv ¼ 2; 3; 4Þ states is likely established by the two steps given below. Firstly, the neutral nitrogen molecules are ionized by the laser field. Most of the ions are populated at the low vibrational energy levels of the X 2 Σ þ g state (e.g., v ¼ 0; 1) which is determined by the Franck-Condon factors [41] . Afterwards, the groundstate ions can be excited to the high vibrational energy 
As shown in Ref. [42] , the threshold of electron collisional excitation for this collisional reaction is ∼4 eV. The collisional excitation cross section will decrease rapidly below the threshold, whereas the cross section will decrease slowly above the threshold. Furthermore, according to the Franck-Condon principle, only a small amount of ions are populated at the lower energy levels to generate laser emission at 353.3, 353.8, and 354.9 nm, i.e., X 2 Σ þ g ðv ¼ 4; 3; 2Þ [41] . Therefore, population inversion can be built up between the highly excited vibrational energy levels of the B 2 Σ þ u and X 2 Σ þ g states if the electron energy is higher than 4 eV. Under our experimental conditions (i.e., 10 mJ, 800 nm, ∼40 fs), the peak power is estimated as 250 GW, which is above the critical power of self-focusing in the 100 mbar nitrogen gas (i.e.,~42 GW) [4] . Therefore, filamentation will occur at this gas pressure. This means that the laser intensity in the sample will be clamped at ∼1 × 10 14 W∕cm 2 [43] . At the pump intensity, the electron will obtain an average kinetic energy of ∼12 eV from the circularly polarized laser field [40] . For this electron energy, the collisional excitation cross section is about 10 −16 cm 2 [42] . Therefore, population inversion can be easily established between the B 2 Σ þ u ðv 0 ¼ 3; 4; 5Þ and X 2 Σ þ g ðv ¼ 2; 3; 4Þ states through strong field ionization followed by the electron collisional excitation in the circularly polarized laser field.
In conclusion, we demonstrate the seed-amplified laser actions at 353.3, 353.8, and 354.9 nm, which correspond to the B 2 Σ þ u ðv 0 ¼ 5; 4; 3Þ → X 2 Σ þ g ðv ¼ 4; 3; 2Þ transitions, respectively. We systematically investigate the dependence of these three laser lines on gas pressure and seed wavelength. Furthermore, we obtain the information on the gain dynamics by measuring these laser signals as functions of the pump-probe delay. It is found that the lifetime of population inversion critically depends on the gas pressure. Based on these experimental observations, we suggest that strong field ionization followed by electron impact excitation is likely the major pumping mechanism for the transitions between the highly excited vibrational energy levels of the B 2 Σ þ u and X 2 Σ þ g states.
